Introduction
In the regions where it is cold in winter because of low intensity of solar radiation such as Hokuriku district, soil warming is introduced to the protected cultivation in order to prevent an undesirable temperature drop in the soil. In the cultivation of plants, it is not permitted that moisture content falls extremely with warming the soil, since plants become unable to grow if the moisture content of the soil falls below the wilting point. Accordingly, in planning the operation of soil warming, it is important to predict exactly how the temperature and moisture content of the soil vary spatially with time.
Several reports (Abdel-Hadi and Mitchel, 1981; Baradi et al., 1981; Radhakrishna et al., 1984) were published regarding the change of moisture content around heat sources buried in the soil, however, these reports were not for the soil bed for cultivation. Shapiro (1975) Philip and deVries (1959) is the most well known, which is the basis of most of the above referenced papers. It has been pointed out that the model of Philip and deVries does not apply directly to moisture transfer in the regions considerably deeper under the ground and to moisture transfer in extremely clayey soils (Dakshanamurthy and Fredlund, 1981) , however, the model would be useful to apply to moisture transfer in relatively shallow regions from the surface to the position at most 1m below the ground such as the soil bed for cultivation. In applying Philip and deVries' model, it is important to estimate the heat and moisture transport properties properly, however, a tractable estimation procedure of them has not be so fax arranged satisfactorily.
From the above view point, a problem of simultaneous heat and moisture transfer in soil warming by the circulation of warm water for the protected cultivation is solved numerically by applying Philip and deVries' model. The transport properties of heat and moisture were estimated systematically by using the mathematical expression of the matric potential of soil water. Then, from the calculated results of temperature and moisture profiles in the soil, the decrease of moisture content in the soil around warm water pipe is mainly investigated.
2. Mechanism of simultaneous heat and moisture transfer in the soil and equations for estimating transport properties According to Philip and deVries (1959) , transfer of heat and of moisture in the soil are mutually influenced with each other, so that the following differential equations of moisture and heat transfer are given. 
where i = pore class of the soil, m=total number of pore classes, n=mwst/(wst -w1) , ket= measured saturated hydraulic conductivity, and kstc= theoretical saturated hydraulic conductivity defined as follows : (10) Then, using Eqs. (7) and (10), DTl , Dwl,p wv DTv and pwvDwv defined by Philip and deVries (1959) ,
There are several methods for estimating Keff, of which the following equation (Seki and Komori, 1984) that had been slightly simplified the seriesparallel-combined model by Krischer (1963) was used here. (15) where (16) (17) The foregoing equations, Eqs. (5)- (15), were not obtained through the purely theoretical consideration, so that the several empirical constants, A in Eqs. (5) and (6), i, that is, kst/kstc in Eq. (8) and B in Eq. (15), are involved. Therefore, the constants must be given experimentally in advance. The systematic estimation procedure of transport properties proposed here requires not so many empirical constants, and would be available for practical calculation of heat and moisture transfer in the soil. In the soil warming system, flow rate of water circulated in the pipe is usually set large enough to make the temperature difference of water between the inlet and outlet of the pipe as small as possible. Therefore, a two dimensional analysis with respect to the soil profile perpendicular to the pipes may be available to give a good approximation of the temperature and moisture content distributions in the soil. In treating the problem mathematically, the following several assumptions for simplification are made.
(1) The soil does not shrink during the soil warming process, and 1 d is held constant.
(2) The hysteresis in the relation between op and w is not taken into account because the soil warming is related to the drying process only, (3) A bare soil is assumed here, and the effect of suction of water in the plant root zone can be ignored.
(4) Since the difference of Tl between the inlet and outlet of the pipe is relatively small under the usual operating conditions of soil warming, Tl is regarded to be constant approximately.
(5) The temperature and moisture content at the bottom of the soil profile are held constant during the soil warming process.
(6) Thermal resistance at the interface between the warm water pipe and soil can be ignored.
(7) The temperature and moisture content are uniform initially.
Upon these assumptions, a mathematical treatment of this problem may be defined only for the region indicated by //// in Fig. 3 Table 3 shows the dimensions of the soil profile and specifications of the soil warming pipes. The values listed in Table 3 would be the representative ones, which were determined with reference to the previous repoets (Itaki,1976; Okada,1980 4) According to the above two items 2) and 3), the drop of soil moisture content with soil warming would not be so serious, and it seems rather plausible for the protected cultivation, since the soil moisture control is easier in a 
